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Abstract 
When a temperature rise occurs at a local area inside a coil of toroidal HTS-SMES by any reason, a temperature hotspot which 
results in a thermal runaway appears at the local area. Subsequently, after appearing the local normal zone in the HTS coil, the 
transport current of the HTS coil decrease since the resistance of HTS coil appears and the current partially flows into a parallel-
connecting shunt resistance. However, if the transport current of the normal-transitioned HTS coil is hardly changed, the 
temperature on the hotspot would rise more and then the normal zone would spread rapidly. It may cause a serious accident due to 
high stored energy. Therefore, using the numerical simulation, we have investigated the behaviors of the coil current, the critical 
current, and the temperature in the superconducting element coils of HTS-SMES. Consequently, the temperature of the 
superconducting element coils rises up extremely when a large heat is generated at a certain area of one of them by any reason. 
Moreover, there is a possibility that the shunt resister hardly functions for protection since the coil is burned out due to high 
inductances and low resistance of the superconducting element coil. 
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1. Introduction 
We have previously investigated a chain of quenches on toroidal HTS-SMES consisting of some superconducting 
element coils by an electromagnetic numerical simulation with a circuit analysis [1]. In the numerical simulation, it 
was supposed that an arbitrary superconducting element coil entirely transitioned into normal state at an initial 
condition, and the critical current and the temperature of the superconducting element coils were constant. The 
simulation results gave suggestion on the chain of quenches after quenching one of the superconducting element coils 
[1]. The chain of the quenches is mainly due to high inductance of the toroidal HTS-SMES coils. However, in order to 
achieve more accurate simulation, a change of magnetic field and temperature of the toroidal HTS-SMES coils have to 
be considered, and the critical current of the coil is also changed according to E-J characteristics of HTS wire. Here, in 
the previous paper [1] and this paper, for convenience, we call a situation that a transport current is over a critical 
current of overall one element coil “quench” of the element coil. 
When a temperature rise occurs at a local area inside HTS coil by any reason, the temperature gives rise to a hotspot 
at the local area, that is a cause of a thermal runaway. However, after the appearance of local normal zone in the HTS 
coil, the transport current of the HTS coil decreases since the resistance of the HTS coil appears and the transport 
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current partially flows into a shunt resistance. The decrease of the transport current is very slow due to high inductance 
of the HTS coil. Thus, when the transport current of the HTS coil is hardly decreased, the temperature on the hotspot 
would rise more and then the normal zone would spread rapidly. It may cause a serious accident due to high stored 
energy. Therefore, to clarify such a detailed quench phenomenon, we have been developing a simulation code coupling 
with a thermal, circuit and magnetic field analysis.  
2. Simulation Model 
For investigation, a toroidal HTS-SMES magnet wound with YBCO tape has been designed by the optimization 
design method in [2] to minimize the winding volume. A safety margin was considered as 10% of operating current. 
The number of the designed superconducting element coil is 8, and the storage energy is 72 MJ. Table 1 shows the 
specifications of the designed toroidal HTS-SMES magnet and the design variables. Fig. 1 shows (a) the schematic 
view of the toroidal SMES magnet with the design variables, and (b) the external view of the designed SMES magnet.  
Table 1. Specifications of HTS-SMES with 10% safety margin 
Number of coils 8 
Radius of toroid  (m) 1.139 
Inner radius of coil  (m) 0.619 
Thickness of coil  (m) 0.178  
Length of coil  (m) 0.113  
Operating current  (kA) 1.76  
Winding volume  (m3) 0.714  
 
Fig. 1. (a) Schematic view of toroidal SMES magnet with design variables; (b) external view of the designed SMES magnet 
Fig. 2. Electrical circuit of the 8-totoidal HTS-SMES system with shunt resistors 
Table 2. Self and mutual Inductance of element coil 
Number of coils 8 
Self inductance L (mH) 4158.7  
Mutual inductance M0,1, M0,7 (mH) 567.4  
                               M0,2, M0,6 160.2  
                               M0,3, M0,5 70.7  
                               M0,4 52.4  
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Fig. 2 shows an electrical circuit considered in this paper. Here, Rs is the shunt register, Lk is the self inductance of 
the kth superconducting element coil, Ml,k is the mutual inductance between the lth and kth superconducting element 
coils. Rnk is resistance of the kth superconducting element coil. In this paper, the resistance of the element coil is 
calculated based on silver and copper resistance and resistance of the superconducting tape. The self and mutual 
inductances are computed from a numerical analysis. Table 2 shows the self and the mutual inductances. 
 
3. Quench Simulation  
3.1. Electrical Circuit Analysis 
The electrical circuit of the toroidal HTS-SMES system is shown in Fig. 2. A quench simulation is carried out with 
solving the following equations: 
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where m is the number of the superconducting element coils. In this paper, before t = 0, the operating current shown in 
Table 1 flows in every superconducting element coil. When the current Ik of the kth superconducting element coil 
exceeds the critical current, the resistance Rnk gradually appears because of E-J characteristics. In this paper, the 
electrical circuit simulation was performed with the shunt resister Rs = 0.10 ȍ. 
3.2.  Magnetic Field Analysis 
The critical current Ic decreases with enhancement in magnetic field and/or temperature because of B–J–ș 
characteristics of the YBCO tape. Therefore, owing to the accurate quench simulation, it is necessary to consider a 
change of magnetic field applying to the HTS tape and its critical current. In this simulation, the magnetic field is 
computed based on the Biot-Savart law, the critical current is obtained based on the percolation model [3]. Fig. 3 
shows examples of the B-J-ș characteristics on 20, 40 and 77.3 K. 
Fig. 3. (a) B-J-ș characteristics at 20 K, (b) temperature dependence of B-J-ș characteristics. 
3.3. Thermal Analysis 
When the operating current exceeds the critical current at a certain point, a heat, which is a Joule heat Qj = j2U, is 
generated at the point. j and U are the current density and the resistivity. The resistivity is computed based on the 
equivalent electrical resistivity of YBCO, which is obtained from B-J-T characteristics (Fig. 2), silver and copper 
resistivity. The critical current Ic and the resistivity of the silver, copper and YBCO are dependent on the temperature 
of the superconducting element coil. Therefore, owing to accurate quench simulation, it is necessary to consider the 
temperature transition of the superconducting element coils.
The thermal analysis is carried out with solving the following thermal diffusion equation: 
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where, T, Qj, Qc, Qi, Ȝ, and C are the temperature, the quantity of Joule heat, cooling heat and initial heat, the thermal 
conductivity, and heat capacity, respectively [4]. The superconducting element coils are assumed to be cooled by 
conduction-cooling of cooling heat Qc on the outer periphery of the coils. The thermal diffusion is simulated with the 
FEM. 
Moreover, the relation between the resistance Rn and the resistivity U is the following equation: 
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where u is the number of the finite elements used in the FEM. le and Se are the length and the area of eth element, 
respectively. 
4. Results & Discussion 
The quench simulation was carried out with the shunt resistor Rs = 0.10 ȍ. In this paper, it is assumed that an initial 
heat density of Qi = 1.0 × 1011 W/m3 is given to a certain point of the 0th superconducting element coil from t = 0 to t 
= 0.2 ms and the initial temperature of superconducting element coils is 20 K. 
Fig. 4 (a) shows the time transitions of the coil current and the critical current of the superconducting element coils. 
Fig. 4 (b) shows the transitions of resistance and the maximum temperature of the 1st superconducting element coils. 
As shown in Fig. 4, after the temperature of the 0th superconducting element coil rises extremely, the current of the 1st 
and 7th superconducting element coils increases and its critical current decreases simultaneously. Therefore, heat is 
generated in the 1st and 7th superconducting element coils based on the E-J characteristics. As the result, the 
temperature and the critical current of the 1st and 7th superconducting element coils gradually increase and then the 
resistance of the 1st and 7th superconducting element coils also gradually increases. However, because of low 
resistance and large self inductance, the current of the 1st and 7th superconducting element coils hardly decreases. 
Subsequently, the temperature and the resistance of the 1st and 7th superconducting element coils drastically rise up. 
The temperature and the resistance of the other superconducting element coils also rise up, in series, in a similar way 
as the 1st and 7th superconducting element coils. 
Fig. 4. (a) The time transitions of the coil current and critical current of the superconducting element coils, 
(b) the time transitions of the resistance and temperature of the 1st element coil. 
5. Conclusion 
Using the numerical simulation, we investigated the behaviors of the coil current, the critical current, and the 
temperature in the superconducting element coils of HTS-SMES. It becomes obvious that the temperature of the coil is 
rises up extremely when a large heat is generated at a certain area of one of them by any reason. Moreover, there is a 
possibility that the shunt resister hardly functions for protection since the coil is burned out due to high inductances 
and low resistance of the superconducting element coil. Therefore, the protection method should be reconsidered to 
overcome the quench problem of the toroidal HTS-SMES magnet. 
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